Acute and chronic lung function responses to ozone exposure have been investigated extensively in a variety of epidemiological studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . These studies, however, have a limited role in determining accurate dose-response relationships for ozone (15, 16) . In most epidemiological studies, population ozone exposures are assumed to be identical to the concentrations measured at an ambient monitoring site. Lebowitz et al. (2) found that this assumption may be flawed and concluded that personal ozone exposures may be very different from those measured at both outdoor and indoor monitoring sites. Fixedlocation measurements do not account for the effects of spatial variation in ozone concentrations, indoor/outdoor concentration differences (17) (18) (19) (20) (21) (22) , and varying activity patterns on personal exposures (21) .
A major limitation of previous ozone exposure investigations is the lack of a personal exposure or microenvironmental ozone monitor. With the recent development of an ozone passive sampler by Koutrakis et al. (23) , personal, indoor microenvironmental, and outdoor concentrations can be measured on a wide scale. This sampler has been validated in a variety of laboratory conditions for temperature, relative humidity, wind velocity, ultraviolet radiation, and other atmospheric oxidant interferences. Because of its low cost and small size (weight = 7 g, size = 2 cm diameter x 3 cm), the passive sampler is especially suited for characterizing the exposure pattern of individuals in large-scale epidemiological studies.
This paper describes a pilot study conducted during summer 1991, in State College, Pennsylvania, to assess ozone exposures using the passive ozone sampler. This pilot study, which was performed in conjunction with an acid aerosol monitoring study, enhances our understanding of ozone concentrations in various outdoor and indoor environments and characterizes individual ozone exposures. During the study, extensive personal measurements and detailed time-activity information were collected for 23 children, and indoor and outdoor concentrations were measured at their homes. Additional outdoor measurements were taken at a stationary monitoring site For indoor sampling, passive samplers were clipped on a camera tripod and placed in the main activity rooms of children's homes, at least 1 m from walls, windows, air conditioners, and other ventilation devices to avoid excess air flow. Samplers were located 1.2 m above the floor, so that ozone concentrations were measured at about the height of a child's breathing zone.
A questionnaire regarding the ventilation conditions of the homes, including use of air conditioning, hours of windows/doors opened, and percentage and location of the open windows/doors, was administered at the end of each sampling day. We also measured air exchange rates in each home using the perfluorocarbon tracer gas method (24) . Results from this analysis will be discussed in forthcoming papers (Liu et al., in preparation).
For outdoor sampling, on each sampling day, we suspended one passive sampler under a protective cup, which was attached to a tripod in the front or backyard of each home. The protective cups were made of opaque white polyvinyl chloride (PVC) pipe. The cups were used to minimize face-velocity effects on the sampler collection rate and to protect the samplers from rain (23 The amount of nitrate is determined using ion chromatography. The average ozone concentration is calculated from the measured nitrate concentration and a previously determined collection rate (25.5 cc/min) (23 aFour daytime samples were detected as outliers using the simple residual method at a 99% confidence level. These four outliers are presumably due to analytical laboratory mistakes and have been removed from the data set.
bNine 12-hr (daytime) home site outdoor samples were taken. The rest of the daytime home outdoor concentrations were estimated by multiplying the 24-hr average concentrations by the ratio of daytime (12-hr average) to 24-hr average SAM site continuous measurements. Table 1 .
In addition to ozone measurements, we collected 94 time-activity diaries from the 23 participants during daytime sampling periods. On average, participants spent 59 ± 22% of their time inside their homes, 11 ± 12% of the time inside other microenvironments, and 30 ± 22% of the time outdoors.
The ozone concentrations measured with the passive samplers at the SAM site were in excellent agreement with those measured by the co-located continuous monitor (Fig. 2) . The Pearson's correlation coefficient for the passive and continuous measurements was 0.95 (p<0.01). The relative error of the passive measurements to the continuous measurements at the SAM site decreased with increasing ozone concentrations ( Table 2 ). For measurements below or near the LOD, the relative errors reflect an uncertainty of only 4.5 ppb (i.e., 0.90 x 5 or 0.30 x 15 ppb). In general, the uncertainty of the passive sampler measurements was well below 10 ppb.
Outdoor Spatial and Diurnal Variation Outdoor (24 hr) ozone concentrations measured at home sites were highly correlated with the SAM site ozone concentrations (r = 0.81, p<0.01). Despite this agreement, there was a substantial difference in ozone concentrations between the SAM site and home outdoor sites. The mean outdoor concentration at the SAM site (37.8 ± 10.7 ppb) was significantly higher than that for home sites (29.8 ± 14.3) using a two-sample t-test (p<0.01). The mean ratio of home to SAM site outdoor (24 hr) concentrations was 0.80 ± 0.25.
Spatial variation in outdoor concentrations was also observed when homes were grouped into six residential regions. Region 1, which includes downtown State College, has the greatest home, population, and traffic density. Regions 2-5 are populated residential areas but less dense compared to region 1. Region 6 is the least densely populated community. The mean ratio of outdoor home to SAM site concentration varied significantly by region (Table 3) using ANOVA techniques (Fvalue = 3.06, p<0.05). When the mean ratios were further examined using Tukey's pairwise comparison method at the the 95% confidence level, the mean ratio of the most rural area, region 6, was significantly higher than those for the densely populated regions 1 and 4.
Altitude of the home sites (Table 3) was not correlated with the observed spa- The stepwise variable selection technique suggests that indoor ozone concentrations (C,) were the most significant predictors of personal exposures (Table 6 , model 1). This is not surprising, given the strong association between these two variables (r = 0.55). The other important predictor variable added in the model was the interaction term CO x F, ( Because the results from the above statistical models do not have an intuitive interpretation, we constructed a second type of model based on the microenvironmental exposure concept (32) (33) (34) . A simple prediction of daytime personal exposures (C) is the time-weighted average of the outdoor and indoor exposures:
The multiple regression model incorporating an intercept term is summarized as model 3 in Table 6 . This model has a similar fit to that of model 2 (R2 = 0.35, root mean squared error = 13.68) and has a nonsignificant intercept of 4.67 ± 3.70 (p = 0.21).
Because children generally spend time outdoors when ambient ozone concentrations are highest, the time of day a child is outdoors may be an important determinant of personal exposures. To incorporate this factor into the time-weighted model, we divided concentration and activity data into 1-hr intervals. We estimated hourly outdoor and indoor daytime concentrations using continuous measurements from the SAM site. Hourly outdoor concentrations (C,) were estimated for each home using the expression:
where C,,4 is the 24-hr outdoor ozone concentration measured at home sites, Cq24 is the 24-hr outdoor ozone concentration measured at the SAM site, and C,k is the daytime 1-hr outdoor ozone concentration measured at the SAM site at hour k.
Hourly indoor concentrations (C>) were estimated in a similar way: CjQk = X Cc,k kJ (4) where CI C is the indoor/outdoor ratio. Then, the daytime hourly microenvironmental model is as follows:
where F k is the fraction of time spent outdoors in the kth hour.
When personal exposures (C) estimated by the model were regressed on measured personal exposures (Cp), the hourly microenvironmental model (model 4 in (17) showed that in hospitals, the mean I/O ratios for total oxidants ranged between 0.5 and 0.67. In office buildings, mean I/O ratios ranged from 0.3 to 0.8 (17,20,35-37, To improve our ability to model personal ozone exposures, future studies should characterize indoor and outdoor concentrations in a variety of indoor and outdoor microenvironments within the same community. This effort should examine factors that affect indoor and outdoor ozone concentrations. For indoor concentrations, these factors may include air exchange rates, housing materials, gas stove use, home volumes, home interior surface type. For outdoor concentrations, the effects of NO sources and/or traffic density, house density, and population density should be investigated. In this regard, we have continued investigating factors affecting variations in indoor and outdoor ozone concentrations. In the Canadian Research on Exposure Assessment and Modeling Project (38), we measured outdoor ozone concentrations at different locations in Toronto, Canada, and collected indoor ozone samples in a variety of indoor environments, such as schools, office buildings, and retail stores. The results from this study will be presented in forthcoming papers (Liu et al., in preparation).
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